Neural stem/progenitor cells (NPCs) self-renew and differentiate, generating neuronal and non-neuronal (glial) cell lineages. Although a number of factors, including transcription factors, have been shown to be important in the regulation of NPC proliferation and differentiation, the precise molecular networks remain to be identified. The cAMP Response Element-Binding protein (CREB) is a transcription factor important for neuronal survival, differentiation and plasticity. Recent work suggests that CREB activation, via serine phosphorylation in the kinase inducible domain, is important for neurogenesis in the adult rodent brain. We sought to further investigate CREB function in neurogenesis, using the zebrafish (Danio rerio). Structural and functional analysis of the zebrafish CREB orthologue showed high conservation with mammalian CREB. Activated (phosphorylated) CREB (pCREB) was localised to all known proliferation zones in the adult zebrafish brain, including actively cycling cells. Furthermore, we found that modulating CREB activity during early zebrafish development caused significant defects in neural proliferation, midbrain-hindbrain organization and body patterning. These findings reveal broader and stage-specific physiological roles of CREB function during vertebrate neural development and proliferation. Crown
Introduction
Vertebrate embryonic neurogenesis involves the tightly regulated, co-ordinated expression of a wide range of patterning signals, including both early factors, such as BMP4 (Liem et al., 1995) and Shh (Echelard et al., 1993) , responsible for establishing dorso-ventral polarity, and later signals produced by secondary organizers, such as Otx2, Gbx2, Pax2.1, FGF8, Wnt1, and Eng2 (Wurst and Bally-Cuif, 2001 ), which control proliferation, migration, spatial organization and differentiation of neural precursor cells (NPCs) into organized, functional cellular networks (embryonic neurogenesis). Compartmentalization of the primitive neuro-ectoderm into the prosencephalon, mesencephalon and rhombencephalon (regions destined to become the forebrain, midbrain and hindbrain, respectively) is essential for positioning the secondary organizers and ensuring correct brain formation (Wurst and Bally-Cuif, 2001 ). Factors which influence NPC proliferation can cause severe neuroanatomical defects, resulting in a disruption of neural homeostasis and incorrect patterning of the brain.
Cellular proliferation in the brain is not restricted to embryonic development, but also occurs in the brains of adult animals (Altman, 1969; Altman and Das, 1965; Eriksson et al., 1998; Goldman and Nottebohm, 1983; Reynolds and Weiss, 1992; Zupanc and Horschke, 1995) . In the adult mammalian brain, proliferation, migration and commitment to differentiation is mainly restricted to the sub-ventricular zone of the lateral ventricles (SVZ-LV) and sub-granular zone of the dentate gyrus of the hippocampus (SGZ-DG) (Gage, 2000; Kaplan and Hinds, 1977; Levison et al., 1993; Lois and Alvarez-Buylla, 1993; Mayo et al., 2005; Seaberg and van der Kooy, 2002) . In adult teleost fish, however, there are at least sixteen neurogenic zones throughout the brain, (Adolf et al., 2006; Ekstrom et al., 2001; Grandel et al., 2006; Zupanc et al., 2005) . Overlapping, yet distinct molecular profiles of embryonic and adult NPCs are thought to underlie the functional differences (e.g. self-renewing potential) between embryonic and adult neurogenesis (Brazel and Rao, 2004) . Although many individual genes have been shown to regulate NPC proliferation, including signaling molecules such as Shh (Ahn and Joyner, 2005) and transcription factors such as Sox2 (Ferri et al., 2004; Komitova and Eriksson, 2004) , the identification of the precise molecular networks involved remain elusive.
Amongst the transcription factors which regulate progenitor differentiation and neuronal survival, CREB (cAMP-Response Element Binding protein) is one which may also contribute to NPC proliferation. CREB is a highly conserved transcription factor, first isolated from the undifferentiated neuronal-like PC12 cell line (Montminy and Bilezikjian, 1987) . In the adult brain CREB is normally abundant in its inactive, non-phosphorylated state, becoming transiently phosphorylated (pCREB) by activation of upstream signaling kinases (Lonze and Ginty, 2002) , in response to environmental stimulation and factors such as stress, mitogens and excitatory signals such as calcium. Mice lacking CREB show significant loss of post-mitotic neurons (Mantamadiotis et al., 2002) and migratory neuroblasts to the olfactory bulbs (Giachino et al., 2005) . Moreover, newborn neurons, but interestingly not cycling neural progenitors, in the SGZ-DG show constitutive CREB phosphorylation (Fujioka et al., 2004; Giachino et al., 2005; Nakagawa et al., 2002b) .
Here, we use zebrafish to investigate the role of CREB in both embryonic development and adult neural cell proliferation in the brain. Rapid brain development during embryogenesis, significant structural and functional conservation of CREB and robust neural proliferation in the adult brain make the zebrafish an ideal model to study neurogenesis. We show that pCREB is abundant in all known neurogenic regions throughout the adult zebrafish brain, including for the first time, actively proliferating cells. Furthermore, we show that modulating CREB function during embryogenesis affects neural cell proliferation and midbrainhindbrain organization. This study reveals the importance of CREB function in embryonic brain development and in neural proliferation in adult brain. Moreover, the recent recognition of the role of CREB in hyperproliferative disorders (Abramovitch et al., 2004; Conkright and Montminy, 2005; Linnerth et al., 2005; Shankar et al., 2005) suggests that up-regulation of CREB function and/or expression may be an important step in the development and progression of some types of brain cancer.
Materials and methods

Antibodies
Antibodies used within this study were: rabbit anti-human pCREB (Cell Signalling Technology, Beverly, MA, USA), rabbit anti-human CREB KRRE (Mantamadiotis et al., 2002 (Mantamadiotis et al., , 2006 .
Tissue preparation and immunohistochemical staining
Animal tissue was fixed in a solution of 4% paraformaldehyde (PFA) in phosphate buffered saline (PBS), prior to embedding in paraffin using standard procedures. 10 μm sections were mounted onto poly-lysine coated slides. Slides were de-waxed and dehydrated through a series of immersions in xylene and decreasing ethanol concentrations. Endogenous peroxidases were inactivated by reacting the sections with 3%H 2 O 2 , before incubation with 90°C Citra Buffer (0.018 M citric acid, 0.082 M Na-citrate) to expose antigenic epitopes. Immunohistochemical staining was conducted using the ABC Universal Vectastain kit (ABC Vectastain elite, Vector Laboratories, Burlingame, CA, USA), according to the manufacturer's instructions. Briefly, slides were incubated for 1 h at 25°C in blocking solution (1.5% normal horse serum in PBS) to minimize non-specific antibody hybridization, before incubation with primary antibody in blocking solution for 1 h at room temperature (3,3′-diaminobenzidine tetrachloride; DAB color development) or for a minimum of 18 h at 4°C (Alexa Fluor fluorescent development). Slides were washed in PBS to remove unbound primary antibody, before incubation at 25°C of slides with biotinylated universal secondary antibody. Slides were again washed in PBS before incubation at 25°C in a solution of avidin-horseradish peroxidase (A-HRP) for 30 min. Following a final wash in PBS, A-HRP was visualized by DAB staining. Some slides were counterstained in a 1% (w/v) solution of methylene green. After rinsing in water, slides were dehydrated through immersion in a series of increasing concentrations of ethanol, cleared with xylene and mounted in DPX.
Western immunoblotting
Protein lysates were extracted by disaggregating tissue through a 40-μm nylon filter (BD Biosciences, Bedford, MA, USA) in ice-cold PBS. Cells were pelleted by centrifugation at 1800×g, and cell-membranes (but not nuclei) were lysed with NP-40 lysis buffer (10 mM Tris, pH 8, 0.5% NP-40, 3 mM MgCl 2 10 nM NaCl) containing protease inhibitor cocktail (Roche, Basel, Switzerland) for 10 min. Intact nuclei were pelletted by centrifugation at 2500×g for 20 min and following removal of supernatant, were lysed in a hypertonic nuclear lysis solution (5 mM HEPES, 1.5 mM MgCl 2 , 0.2 mM EDTA, 0.5M NaCl, 25% Glycerol, pH 7.8) containing protease inhibitor cocktail. The samples were sonicated to shear genomic DNA, and boiled for 5 min at 95°C. Protein concentration was determined using the Bradford assay. 10-100 μg of protein was electrophoresed on a 10% SDS-PAGE acrylamide gel following standard protocols. Proteins were transferred onto a nitrocellulose membrane, and incubated in tris-buffered saline (TBS) supplemented with 10% non-fat skim milk powder (NFSM) and 0.1% Tween-20 (blocking solution) for 60 min at RT. The membranes were washed in PBS and incubated with rabbit anti-human CREB LKDL (1:2500) for 18 h at 4°C. Following a further PBS wash, membranes were incubated with AP-conjugated mouse anti-rabbit secondary antibody (1:2000; BioRad) for 60 min at RT. Bound antibody was detected by addition of 5-Bromo-4-Chloro-3′-Indolyphosphate p-Toluidine Salt (BCIP) and Nitro-Blue Tetrazolium Chloride (NBT) color development solution.
Luciferase and β-galactosidase reporter assays HEK-293 cells were transfected using Metafectene (Biontex, Martinsried, Germany), according to the manufacturer's instructions, with a CREBresponsive luciferase reporter plasmid (pCRE-luc; Clontech, Mountain View, CA, USA), and either empty vector control (pBluescript, Invitrogen) or fulllength zebrafish CREB. In all cases, template and transfection normalization was achieved by co-transfection with a β-galactosidase plasmid (pCMV-β-gal). O, pH 7) supplemented with 4 μl β-mercaptoethanol and 326 μl of a 10 mM ONPG. Following 10-min incubation at RT, β-gal production was quantified on an absorption spectrophotometer at 405 nm. Luciferase assays were performed using a PolarStar Optima Lumnometer. 50 μl cell lysate was combined with luciferin (200 μM in 25 mM glycglycine pH 7.8) and luciferase assay buffer (25 mM glycglycine pH 7.8, 15 mM KH 2 PO 4 , 15 mM MgSO 4 , 4 mM EGTA, 2 mM adenosine tri-phosphate [ATP] and 1 mM DTT) automatically in the luminometer. Luciferase activity was normalized to β-gal activity within each lysate to determine relative promoter activation.
Plasmids
A fragment encoding a portion of the multiple cloning site (MCS) of pSL1180 (EcoR1/Xba1) was excised, and ligated into the EcoR1/Xba1 sites of pCS2+ (Wettstein et al., 1997) to generate pCS2 + MCS. Full-length RNA constructs encoding constitutively active CREB-FY (Du et al., 2000) or dominant negative CREB-M1 (Struthers et al., 1991) were excised from parent pcDNA vectors using Xma1/Xba1 digestion, and cloned into Xma1/Xba1 digested pCS2 + MCS to generate pCS2 + CREB-FY and pCS2 + CREBM1 respectively. Mutations were verified by sequencing pCS2 + CREB-FY and pCS2 + CREB-M1 plasmids prior to mRNA transcription (data not shown).
CpG-capped mRNA transcription and injection
Sense, CpG-capped single stranded RNA was generated from 1 μg of Not1 linearized, phenol-chloroform purified pCS2 + CREBFY, pCS2 + CREBM1 or pCS2 + lacZ using the mMESSAGE mMACHINE kit (Ambion, Austin, TX, USA) and the Sp6 RNA polymerase according to the manufacturer's instructions. Synthesised RNA was purified through a Sephadex G-50 Quick Spin column (Roche) and stored at −70°C. 75-125 pg of RNA (1.5-2.5 nl) was microinjected into the blastomeres of 1-to 2-cell stage zebrafish embryos, just below the yolk sac. For all RNA injection controls, we injected RNA generated from a pCS2 + lacZ plasmid. We also used the resulting β-galactosidase activity to test that injected RNA resulted in the expression of functional protein (data not shown). All experiments on live embryos were approved by the Ludwig Institute for Cancer Research/Royal Melbourne Hospital Department of Surgery Animal Ethics Committee.
Isolation of RNA and first strand cDNA synthesis RNA was extracted from cell populations using Trizol (Tel-Test Inc., Friendswood, TX, USA), according to the manufacturer's instructions. Briefly, RNA was extracted on ice with 800 μl Trizol and 200 μl chloroform. After centrifugation, RNA was precipitated with an equal volume of isopropanol for a minimum of 16 h at −20°C, before centrifugation for 25 min at 10,000×g. RNA pellets were washed with 75% ethanol, briefly air-dried and re-suspended in 25 μl MilliQ H 2 O. First strand cDNA was synthesised by first incubating 2 μg RNA with 0.5 μl random primers (500 ng/μl; Promega, Madison, WI), 1 μl 10 mM dNTP Mix (10 mM each dATP, dGTP, dCTP, and dTTP) and 6.5 μl MilliQ H 2 O at 65°C for 5 min. Subsequently, a reaction mix of 4 μl First Strand Buffer (250 mM Tris-HCl, 375 mM KCl, 15 mM MgCl 2 ), 2 μl DTT (0.1 M), 0.4 μl Superscript III aa H-Reverse Transcriptase (200U/μl; Life Technologies, Grand Island, NY) and 1 μl RNAsin (40U/μl; Promega, Madison, WI) was added and the reaction incubated at RT for 10 min, prior to incubation for 90 min at 50°C. The reaction was terminated by incubation at 70°C for 15 min.
Polymerase chain reaction
First strand cDNA (1 μl) was amplified in a standard PCR reaction mix containing 200 μM dNTP, 2.5 mM MgCl 2 , 100 ng sense and antisense amplification primers, and 0.5U Taq DNA polymerase (Fisher Biotech, Belmont, Western Australia) with reaction buffer provided (final: 67 mM Tris-HCl [pH 8.8
at 25°C], 16.6 mM [NH 4 ] 2 SO 4 , 0.45% Triton X-100, 0.2 mg/ml gelatin) in a 25 μl reaction. All PCRs were performed using a Hybaid OmniGene Thermal cycler or a Biometra Uno II Thermal cycler. Primer sequences-GAPDH 5′-CTGGA-GAAACCTGCCAAGTATGATG (sense) and 5′-TCCCATTCTCGGCCTTGA (antisense). CyclinD1 5′-CTGACACCAATCTCCTCAACGAC (sense) and GCGGCCAGGTTCCACTTGAGC (antisense). PCR program-denaturation of 94°C for 2.5 min, followed by 94°C for 30 s, 65°C for 1 min and 72°C for 40 s for 23 (GAPDH) or 26 (Cyclin D1) cycles.
RNA probe synthesis
Embryos were fixed in 4% PFA-PBS at 4°C overnight, then dehydrated through a methanol/PBS series to 100% methanol and stored at − 20°C. Digoxigenin (DIG)-labelled riboprobes were synthesised using the DIG-RNA labelling kit (Roche) according to the manufacturer's instructions. Briefly, 1 μg of linearized template DNA (Wnt1, Pax2.1, FGF8, Shh, Eng2 or Otx2) was incubated with 2 μl 10× Transcription buffer, 2 μl DIG labelling mix, 1 μl RNAsin (Promega), 2 μl of T3, T7 or Sp6 polymerase in a final volume of 20 μl at 37°C for 2.5 h, before addition of 1 μl DNAse1 (Promega) and incubation for a further 15 min. The reaction was terminated by addition of 2 μl 0.2M EDTA (pH 8.0) and transcribed RNA was precipitated for a minimum of 30 min at −70°C with 4 μl 4M LiCl and 75 μl 100% ethanol. Precipitated RNA was resuspended in 50 μl sterile water and 1 μl RNAsin.
Wholemount in situ hybridization
Rehydrated embryos were subjected to whole-mount in situ hybridization (WISH) according to the method described previously (Schulte-Merker et al., 1992) , with the following modifications. No proteinase K digestion or endogenous phosphate blocking steps were performed. Embryos in HYB− solution were incubated at 70°C for 15 min, prior to addition of HYB+ solution and incubated for 5 h at 70°C. Embryos were incubated with non-hydrolysed, diluted probes at 70°C for 14-16 h. Blocking solution for anti-DIG immunohistochemistry contained an additional 0.2% BSA (Promega) and 1% DMSO (Sigma). Embryos were stained with AP-coupled anti-digoxigenin Fabfragments (1:5000) in blocking solution for 14-16 h. Stained embryos were mounted in 80-100% glycerol and imaged with a Leica MZ6 dissecting microscope and Olympus DP10 digital camera.
Results and discussion
CREB is highly conserved between zebrafish and mammals
We used the human CREBα protein sequence to perform a Basic Local Alignment Search (TBLASTN function) via the ENSEMBL Danio rerio genome database (Birney et al., 2006) and identified a zebrafish Creb1 (zCreb1) nucleotide sequence (zCREB) on chromosome 1. The search results also revealed a zebrafish gene on chromosome 6 that closely corresponds to the CREB-related factor, activating transcription factor 1 (ATF1; Accession no. BC053252) and a sequence that appears to be a zCreb1 pseudogene on chromosome 9 (data not shown). zCreb1 (Accession no. BC044436) encodes a protein sharing 88.7% identity with human CREB (Fig. 1A ). Sequence alignment (Fig.  1B) demonstrates that zCREB differs only marginally from human CREB, lacking 8 amino-acids at the N-terminus and 13-amino acids within the transactivation domain. All other functional domains including the kinase inducible domain (KID), DNA-binding (DBD) and leucine zipper dimerization domains are completely conserved in zCREB.
To further examine protein structural homology and epitope conservation, we tested whether an antibody raised against human CREB could recognize zCREB. A full-length cDNA encoding zCREB (clone MGC:55598; Integrated Sciences, Australia) was transfected into HEK-293 cells followed by western blot analysis. zCREB was detected using an antibody recognizing all forms of CREB, directed to the C-terminal "LKDL" epitope (CREB LKDL ) conserved in human, rodent and zebrafish CREB (Fig. 1C ). This high level of structural conservation implies functional conservation, including phosphorylation within the KID, dimerization and DNA-binding. Furthermore, western blotting of nuclear lysates extracted from 24 hpf zebrafish embryos using the CREB LKDL antibody showed presence of only a single band, at the predicted molecular weight of ∼ 41 kDa. This band was absent from control cytoplasmic protein lysates, indicating that like the mammalian homologues, zCREB is a nuclear protein (Fig. 1C) .
To examine the function of zCREB, we tested whether zCREB could transactivate a reporter gene driven by cAMP Response Elements (CREs). When HEK-293 cells were cotransfected with an expression plasmid harboring zCREB and a CRE-responsive luciferase reporter plasmid (pCREluc; Clontech), zCREB was able to drive luciferase production (Fig. 1D) . HEK-293 cells were chosen due to their ease of transfection and their neuronal stem/progenitor cells characteristics (Shaw et al., 2002) . Furthermore we tested to see whether the endogenous CREB target gene, Cyclin D1 (Beier et al., 1999) in HEK-293 cells could be transactivated. Reverse Transcriptase (RT)-PCR analysis ( Fig. 1E) showed that zCREB increased Cyclin D1 mRNA expression in zCREB transfected HEK-293 cells, as did mouse CREB, relative to vector-only control transfected cells. Real-Time PCR was also performed and showed a significant increase in CyclinD1 transcript levels (zCREB, 657.2 + 36.7, p b 0.05; vector-only control, 548.3 + 45.1; relative arbitrary units).
CREB is activated in all proliferative regions of the adult zebrafish brain
Previous studies have shown that although transient CREB phosphorylation and de-phosphorylation is a mechanism by which synaptic plasticity is regulated in many regions of adult mouse brain (Lonze and Ginty, 2002) , constitutive CREB phosphorylation is restricted to cells in neurogenic regions (Fujioka et al., 2004; Nakagawa et al., 2002a,b) . Using the CREB LKDL antibody, we first showed that, as in the mouse, CREB in adult zebrafish brain is abundant and near-ubiquitously expressed (data not shown). We hypothesized that adult zebrafish brain, where neurogenesis is more widespread than in the mouse (Adolf et al., 2006; Grandel et al., 2006; Zupanc et al., 2005) , would show pCREB expression in many proliferative/neurogenic regions. We analyzed pCREB localization by immunohistochemistry (IHC) and found strong pCREB expression in cells of all 16 proliferation zones (Fig. 2) .
Adult olfactory bulb
Within the zebrafish olfactory bulb (Proliferation Zone [PZ] 1; Figs. 2A and 3A) , most cells within the inner cellular layer (ICL) were positive for pCREB (pCREB+), as were scattered cells within the external cellular layer (ECL) and glomerular cell layer (GCL). These data coincide with the localization of both proliferative and newly-differentiated cells (Byrd and Brunjes, 2001) . CREB is important for the maturation and survival of newborn neurons in the OB (Giachino et al., 2005) , supporting the view that pCREB has a role in zebrafish olfactory neurogenesis and progenitor migration. Previously, an cluster of proliferating cells was identified near the junction of the olfactory bulb and telencephalon (Grandel et al., 2006) ; this region also showed cells with strong pCREB+ expression, consistent with a role for pCREB in neural cell proliferation in the olfactory bulb.
Adult telencephalon
In the anterior telencephalon ( Figs Fig. 1 ). Although the posterior region of the dorsal telencephalon showed only isolated pCREB+ cells, regions within the Dp comprising the nucleus taeniae (NT), lateral olfactory tract (LOT) and entopeduncular nuclei (En) were strongly positive for pCREB ( Supplementary Fig. 1 ). This region has been previously shown to contain many proliferating (Proliferating Cell Nuclear Antigen [PCNA]-positive) and label-retaining (3′5′-Bromodeoxyuridine [BrdU]-positive) cells (Adolf et al., 2006; Grandel et al., 2006; Zupanc et al., 2005) .
Within the central telencephalon [Dc] there were only scattered pCREB+ cells, although the distribution of pCREB+ cells extended further from the Dl into the Dc than previously noted for proliferating cells (Supp. Fig. 1 and Fig. 4) is a marker of proliferating, and potentially also migrating cells in the telencephalon.
Adult diencephalon
Seven proliferative zones exist within the zebrafish diencephalon (Figs. 3E-I) . Within the pre-optic area (POA; PZ4; Figs (Grandel et al., 2006) . Some pCREB+ cells also resided within the optic tract (OT), (Fig. 2A) . These data indicate that in the adult zebrafish diencephalon, cells expressing activated CREB were largely restricted to neurogenic zones.
Adult mesencephalon
The major anatomical structures within the mesencephalon, the optic tectum (TeO) and the torus longitudinalis (TL) both contain regions of proliferating cells (PZ11 and PZ12 respectively; Figs. 2A and 3K-L) . Proliferating or newly-migrated cells are distributed throughout the TeO proper (Adolf et al., 2006; Grandel et al., 2006) , although the precise distribution of these newly-generated cells has not been described. pCREB+ cells were also scattered throughout the TeO (Figs. 2B and 3K ). Conflicting reports exist regarding the abundance of proliferating cells within the periventricular gray zone (PGZ) of the TeO. Zupanc et al. (2005) report the existence of BrdU-incorporating cells within all layers of the PGZ, with the majority of proliferating cells residing within PGZ (L1 and 2). Other studies report the presence of only isolated proliferating cells either throughout the PGZ (Grandel et al., 2006) , or only in the most dorsal PGZ region in zebrafish (Adolf et al., 2006) , or stickleback (Ekstrom et al., 2001 ). We examined the PGZ, and detected pCREB+ cells throughout the three PGZ layers (Figs. 2B and 3K), although the majority of cells were localized to the PGZ (L1 and 2). pCREB+ cells were also observed within the commisura tecti (CT; Fig. 2A) ; the significance of these cells with respect to proliferation is currently unknown.
Adult rhombencephalon, cerebellum and hindbrain
Although no proliferation zones have been reported to exist within the rhombencephalon proper, we detected pCREB+ cells within the corpus mammilare (CM), diffuse nucleus of the inferior lobe (IL) and the commisura ansulata (CA; Fig. 2A Figs. 2A and 3N) , and in the crista cerebellaris (Cce; Fig. 2A ). Within the vagal lobe (VL; Figs. 2A and 3P ), pCREB+ cells were largely confined to the dorsal-most region, corresponding closely to the region of proliferation previously reported (Grandel et al., 2006) .
Adult retina
Previous studies in adult vertebrates have shown that neurally-derived retinal cells with proliferative potential are found in all retinal nuclear layers: the ganglion cell layer (GCL) (Bahr et al., 1988; Ooto et al., 2004) , inner nuclear layer (INL) (Julian et al., 1998; Ooto et al., 2004; Vihtelic et al., 2006) outer nuclear layer (ONL) (Julian et al., 1998; Marcus et al., 1999; Vihtelic et al., 2006) , and the nuclear layer of rod and cone photoreceptors (Julian et al., 1998) . As CREB expression and phosphorylation has been described in both the inner nuclear and ganglion cell layers of the adult mouse retina (Choi et al., 2003; Yoshida et al., 1995) , we examined the activation status of CREB in retinal layers of the zebrafish (Supp. Fig. 1 ). Consistent with studies in the mouse (Yoshida et al., 1995) , nuclear pCREB labeling was observed in cells of both the GCL and INL, but not the ONL (Supp. Fig. 1 ). As pCREB labeling in the zebrafish retina was present in the absence of light/dark stimulation or retinal injury, CREB phosphorylation in this region may be constitutive, rather than transient.
pCREB+ cells co-localize with proliferating cells in the adult zebrafish forebrain
As the distribution of proliferating (PCNA+) and newlymigrated (BrdU+, b 46d post-treatment) cells within the anterior telencephalon (Adolf et al., 2006; Grandel et al., 2006 ) appeared identical to the distribution of pCREB+ cells we have characterized in this report, we sought to further characterize the relationship between pCREB+ cells and proliferation by examining the co-localization of pCREB and PCNA in the ventral telencephalon (PZ2) by double-labelling immunofluorescence (Fig. 4A) . Like PCNA-expressing and BrdU+ labelretaining cells, pCREB+ cells were observed exclusively within 150 μm of the diencephalic and telencephalic proliferation zones (Fig. 4A) ; very few pCREB+ cells were found within the central region of the telencephalon proper. Furthermore, almost all PCNA+ cells (located within 30 μm of the ventricle) were also pCREB+ (Fig. 4B) , providing the first direct evidence of pCREB expression in actively proliferating cells of adult vertebrate brain. These cells displayed a flattened, elongated morphology, distinct from cells located between 30 μm and 150 μm from the proliferation zone (into the telencephalon proper), which were smaller and rounded. These cells are believed to be newborn neural precursors, migrating radially from the proliferation zone ( (Adolf et al., 2006) and up to 140 μm by 46 days post treatment (Grandel et al., 2006) , suggesting a potent migratory capacity. In our study, we found that pCREB+ cells were observed within 150 μm of both the diencephalic and telencephalic ventricular proliferation zones, although the strongest immunoreactivity was observed in cells within 40 μm of the ventricular walls (Figs. 4A, B) . Whilst we do not rule out a role for pCREB in non-neurogenic neural functions in adult zebrafish, particularly in light of the wellcharacterized roles for CREB in mammalian brain (Lonze and Ginty, 2002 ) the close proximity of pCREB+ cells to the proliferation zone and only sparse pCREB+ cells in nonproliferating regions, indicates that in the adult zebrafish forebrain most pCREB+ cells are either proliferating cells, or newly-migrated precursors, further supporting a role for CREB in both neurogenesis and cell migration.
Modulation of CREB activity in developing embryos causes severe morphological defects
Having determined a relationship between pCREB and proliferating/migrating cells within adult neurogenic regions, we examined pCREB expression during early neural development by performing IHC on coronal sections of the zebrafish embryonic brain at 24 hpf. pCREB was detected in all cellular regions of the developing embryonic brain and in the inner nuclear, outer nuclear and ganglion cell layers of the developing retina ( Supplementary Fig. 2 ). Taken together with previous in situ hybridization studies, which show CREB RNA present throughout the zebrafish embryo during all stages of development (Thisse and Thisse, 2004) , and our own results using the 
CREB
LKDL antibody to detect total CREB protein (data not shown), we conclude that the majority of CREB protein present in the 24 hpf zebrafish brain is phosphorylated, reflecting both the high proportion of proliferating NPCs, and perhaps active remodeling (migration, patterning and neural plasticity) in the zebrafish brain.
To investigate the functional role of CREB activity during vertebrate neurogenesis and early development, we elected to use mutant CREB mRNA constructs with opposing transcriptional activity, rather than morpholinos to block CREB function, or to more subtly up-regulate CREB function by overexpression of wild-type zCREB. Zebrafish embryos were injected with CpG-capped mRNA encoding either a constitutively active form of CREB, CREB-FY (Du et al., 2000) or a dominant negative form, CREB-M1 (Struthers et al., 1991) , at the 1-2 cell stage. LacZ mRNA, encoding for β-galactosidase, was used as a negative control. Both mutant forms of CREB differ from the wild-type CREBα isoform by a single base mutation, resulting in an amino acid substitution (Fig. 5E ). CREB-FY encodes a mutation, tyrosine-134 to phenylalanine, resulting in a decreased kinetic threshold required for CREB phosphorylation and increased activity in vivo. CREB-M1 contains a mutation at the key phosphorylation residue, serine-133 to alanine, preventing activation by phosphorylation. In both cases, the full-length coding sequences were cloned into the expression vector pCS2+, for synthesis of capped and polyA tailed mRNA, which is highly stable in vivo (Ro et al., 2004; Wettstein et al., 1997) .
Zebrafish embryos were injected with 75-125 pg of RNA. This amount of RNA was optimized to achieve good viability and significant numbers of macroscopically identifiable, phenotypically perturbed embryos. Injected embryos were assessed for viability at 8 hpf and 24 hpf. The viability of CREB-FY (75.5% + 16.0%), CREB-M1 (84.8% + 10.5%) and lacZ control (83.6% + 2.4%) injected embryos was not significantly different from non-injected embryos (87.3% + 4.8%) at 8 hpf (Table 1) . At 24 hpf, lacZ injected embryos (81.0 + 3.5%) did not display significant differences in viability to noninjected embryos (86.0 + 4.5%). Although both CREB-FY (66.4% + 18.6) and CREB-M1 (70.0% + 11.4) injected embryos showed a trend towards decreased survival at 24 hpf over lacZinjected controls, these differences were not significant by twotailed students' t-test (p N 0.05).
Embryos viable at 24 hpf were analyzed for phenotypic abnormalities (Table 1) . Embryos injected with the constitutively active CREB-FY (Figs. 5A-D and Table 1 ) displayed severe morphological defects, including reduced elongation (14.9% of embryos viable at 24 hpf) and curvature (11.1%) of the anterior-posterior axis. Furthermore, these injected embryos showed abnormal contractions, and could not respond to tactile stimulus in the manner of control fish, which "flicked" their bodies within the chorion when disturbed. Additionally, a large proportion of mutants displayed disruption of the midbrain/hindbrain boundary (18.0%; Fig. 5D and Table 1) , as well as perturbations in the spacing and organization of somites. A smaller proportion (6.1%) also displayed deficiencies in eye formation, and microcephaly. Embryos injected with the CREB mutant RNAs, showed similar proportions of embryos with decreased axis elongation 16.6%, curvature of axis 14.7%, midbrain/hindbrain boundary (MHB) disruption 20.4% and microcephaly 3.0% (Figs. 5A-D and Table 1) .
A further morphological difference observed for CREB-FY and CREB-M1 injected embryos was the distribution and shape of the somites (Figs. 7J-L) . The proportion of injected embryos which displayed defects in somite morphology was higher than the other phenotypes observed (CREB-FY, 38.9%; CREB-M1, 70.6%); furthermore CREB-FY injected fish displayed narrow, columnar-shaped somites (not the chevron-shape see typically seen in control fish) and CREB-M1 injected embryos displayed U-shaped somites. Embryos injected with lacZ mRNA showed only occasional phenotypic abnormalities (2.7%); this number was not significantly different from non-injected embryos (1.8%). As somite development is intimately associated with notochord formation, we examined the morphology of the notochord and noted that the notochord was present in the injected embryos, although a small subset of these displayed a perturbed notochord structure. Further work needs to be done to elucidate the precise role for CREB regulation in notochord formation.
These data show that maintenance of homeostatic levels of CREB is crucial for correct brain development and patterning, and somite morphogenesis during embryogenesis. Defects in embryos over-expressing dominant negative CREB-M1 closely parallel those observed in developing Xenopus embryos as a result of interfering with CREB function (Lutz et al., 1999) . These included stunted growth, spina bifida, microcephaly, and disruption of early somite patterning.
CREB has a role in midbrain-hindbrain formation
To investigate the brain-specific defects more closely, we analyzed the expression of several well-characterized genes involved in neural patterning of the midbrain (Otx2), MHB (Pax2.1) and hindbrain (Krox20) (Fig. 6 ) Additionally, to investigate peripheral nervous system patterning and floor-plate development, we analyzed the expression of Shh (Fig. 6) .
Otx2 is a putative CREB target gene, with a conserved CREelement in its promoter (CREB target gene database; http:// natural.salk.edu/CREB). We hypothesized that CREB-mediated neural defects could be effected by varied expression of Otx2. Consistent with this hypothesis, we noticed that although the midbrain localization of Otx2 did not vary between lacZ control, CREB-FY and CREB-M1 injected mutants, we consistently observed a decreased total abundance of Otx2 (decreased ISH staining intensity) in CREB-M1 injected embryos, compared to both controls and CREB-FY injected fish (Figs. 6A, F, K) .
Pax2.1 is a specific marker of the isthmic signalling centre (isthmic organizer), a cluster of cells responsible for patterning of both the midbrain and hindbrain regions and establishment of the MHB. As the zebrafish no isthmus (noi) mutant is due to pax2.1 deletion and lacks a MHB (Lun and Brand, 1998) , we investigated whether disruption of the MHB in our model system was due to a loss of the isthmic organizer through deregulation of Pax2.1. We found that Pax2.1 was consistently expressed at the site of the MHB in both CREB-M1 and CREB-FY injected mutants, even though the MHB structure was disrupted, indicating that the isthmic organizer cells were present (Figs. 6B-C, G-H, L-M) . Additionally, as Pax2.1 is also a marker of the developing hindbrain neurons, optic stalk and otic vesicles, we examined these structures in the 24 hpf CREB-FY and CREB-M1 injected fish. Although the distribution of Pax2.1 was not different to control fish, 75% of CREB-FY injected embryos (8/12) showed decreased Pax2.1 expression within the hindbrain neurons. Expression in the optic stalk and otic vesicles was unchanged. Interestingly, Pax2.1 distribution in CREB-M1 injected fish was not disrupted, although staining intensity in the hindbrain neurons was generally intermediate between that seen in control and CREB-FY injected fish (Figs. 6B-C, G-H, L-M) . These data show that although CREB does not affect isthmic organizer formation and positioning, differential regulation of CREB activity may impact on hindbrain neuron patterning.
To specifically investigate hindbrain segmentation, we analyzed the expression of Krox20 (Figs. 6D, I, N) , a gene specifically expressed in two of the seven rhombomeres during embryogenesis (rhombomeres 3 and 5 between bud [∼ 10 hpf] and 26 + somite [∼ 22 hpf] stages, Oxtoby and Jowett, 1993) . We found that in both CREB-FY and CREB-M1-injected embryos, the expected Krox20 banding pattern was observed, indicating hindbrain segmentation is not disrupted by altered CREB function.
Modulation of CREB activity affects proliferation in developing embryo midbrains
To investigate effects of CREB up-or down-regulation on proliferating cells within the embryonic brain, we performed immuno-histochemical staining for PCNA on the midbrain regions of ten different 24 hpf embryos to investigate differences in the number and distribution of PCNA + proliferating cells (Figs. 5F, G) . We found that CREB-M1 injected fish displayed fewer (16.5% + 1.5%) PCNA + cells at the level of the midbrain than control animals (21.7% + 0.5%), although the distribution of these cells, lining the walls of the developing hemispheres was the same. In contrast, CREB-FY injected fish (30.9% + 1.4%) displayed a significantly increased number of PCNA + cells than control (p b 0.05) or CREB-M1 injected (p b 0.001) animals. Additionally, the spatial distribution of PCNA + cells in the CREB-FY injected embryos differed from both control and CREB-M1 injected embryos, in that proliferating cells were not restricted to the developing ventricular walls; rather we observed additional ectopic PCNA + cells in the telencephalon proper (Fig. 5F ). These data indicate that CREB directly influences cellular proliferation in the developing zebrafish brain.
To investigate possible mechanisms of CREB-mediated cellular proliferation in injected zebrafish, we performed RT-PCR on RNA extracted from 15 phenotypically abnormal CREB-FY or CREB-M1 injected fish, analyzing the expression of previously described mammalian CREB target genes involved in cellular survival (BDNF, IGF-1, bcl-2) and proliferation (Cyclin D1, Cyclin E, Cyclin A1 and Cyclin A2). To normalize for template loading we used the ubiquitously expressed zebrafish Acidic Ribosomal Phosphoprotein (ARP). Cyclin D1 transcripts were abundantly expressed, but showed little or no difference in expression levels between CREB-FY or CREB-M1 injected embryos compared to controls (data not shown). Although we found some variation in expression of the other genes, the levels of all genes examined were not significantly different (data not shown), leading us to conclude that even with yolk removed, gross RNA extraction is not sufficiently sensitive to detect changes in a small subset of cycling neural cells in our model.
CREB has a role in determining body length and somite patterning
To investigate the potential mechanisms of anterior-posterior axis shortening and curvature, we analyzed the peripheral nervous system (PNS) organizer, the vertebrate floor plate. The floor plate is located at the ventral midline of the neural tube, and is responsible for spatial organization and distribution of neurons within the PNS (Placzek et al., 1991) . A key molecule responsible for floor-plate generation and subsequent induction of neurogenesis from neural precursors is the hedgehog-family protein, Sonic Hedgehog (Shh; Figs. 6E, J, O). We speculated that defects in the trunk and tail could be due to loss of floor plate formation, caused by absence of Shh-producing cells. We examined distribution of Shh RNA by in situ hybridization, and found that the floor plate was only marginally disrupted in both CREB-FY and CREB-M1 injected embryos, showing a "fuzzy" appearance compared to the well-defined sharp floor plate in control embryos. Additionally, other defects associated with shh-signalling, such as ablation of the notochord or horizontal myoseptum (van Eeden et al., 1996) , were seen very infrequently, and only in the most severely-affected embryos, indicating that loss of shh did not contribute to axis shortening in our model system.
Somite morphology is altered in embryos with modified CREB function
To further investigate defects in somite morphology, we analyzed expression of the primitive myoblast marker MyoD by ISH (Fig. 7) . Following micro-injection, CREB-FY, CREB-M1 and LacZ injected embryos were examined for MyoD expression during late somitogenesis (22-24 somite stage). CREB-FY mutants showed decreased MyoD staining in the anterior somites (trunk; somites 1-15; (Holley, 2006) ) compared to both CREB-M1 injected and control embryos (Dashed line and bar, Figs. 7A-F) , although expression of MyoD in the tail somites (somites 7-9) was largely unchanged. MyoD staining in CREB- M1 injected mutants was largely indistinguishable from controls. Individual somite boundaries were visible by darkfield microscopy in both CREB-FY and CREB-M1 injected mutants, although the shape of the somites was altered compared to controls (Figs. 7G-I ). These observations indicate that the CREB-FY and CREB-M1 constructs used in this study have distinct effects on somite morphogenesis, although more work needs to be done to elucidate the precise mechanisms of CREBmediated function in somite morphogenesis. A previous study has also investigated the role of CREB in somitogenesis, showing a decrease in somite formation and MyoD expression in CREB −/− mice (Chen et al., 2005) . Furthermore, when an adenovirus expressing the CREB dimerization/DNA-binding antagonist, A-CREB, was injected into the developing trunk of WT mouse embryos, ablation of MyoD (and by extension somitogenesis) was observed. As the CREB antagonist (CREB-M1) used in our study down-regulates inducible activation, but does not completely block CREB DNA-binding, CREB-mediated somitogenesis in our model, may perhaps proceed with only minor perturbation. At present, the precise mechanism of CREB-mediated effects on MyoD expression remains to be elucidated. One possible mechanism to explain our data is that as MyoD induction is required for progenitor commitment to a myogenic lineage (myoblasts), hyper-active CREB-FY may maintain precursor cycling, thereby preventing induction of MyoD and commitment to a muscle-specific fate. Conversely, down-regulation of CREB activity by CREB-M1 may allow proliferating progenitor cells to exit the cell cycle and commit to the myogenic pathway.
Conclusions
Using zebrafish to study brain development and neural proliferation, we have shown that CREB has a role in setting correct brain structure formation and in modulating proliferation of neural cells. We have comprehensively characterized the expression profile of activated, phosphorylated CREB throughout the adult zebrafish brain, and shown that CREB is constitutively activated in neurogenic zones. For the first time, we show that CREB is constitutively activated in proliferating cells in adult vertebrate brain. Regulating CREB activity, by expressing both interfering and constitutively active CREB mutants during zebrafish embryogenesis, resulted in altered cell proliferation in the brain and development of neural structures. Developmental defects were seen in the midbrain/hindbrain boundary, axis elongation, body patterning and somite morphogenesis. It remains to be seen whether the mechanisms of somite defects may be due to CREB regulation of the Shh pathway, as U-shaped somites are often observed in mutants with defective Hedgehog signaling (van Eeden et al., 1996) . Since dominant-negative mutant CREB expression leads to reduced neural cell proliferation, constitutively active CREB causes increased proliferation and since both mutants cause similar patterning effects, we conclude that precise cellular regulation of CREB activity is crucial for normal development. Moreover, the recent recognition that CREB may have oncogenic properties (Abramovitch et al., 2004 MyoD staining in the posterior-most 7-9 (tail) somites is relatively unchanged. Darkfield microscopy shows somite morphogenesis (arrows, G-I) is varyingly disrupted in both CREB-FY (H) and CREB M1 (I) injected embryos relative to controls (G), which display regularly-spaced, chevron-shaped somites. CREB-FY injected fish display irregularly spaced and sized somites, although the basic chevron-shape is retained (H). CREB-M1 injected fish show additional loss of somite structure and shape (I; note U-shaped somites). that over-activation or over-expression of CREB in NPCs could contribute to the development of some types of brain cancer. Thus, pharmacologically modulating CREB or CREB target gene function may be a means of controlling such hyperproliferative disorders.
